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Energy dissipationAbstract This paper presents an experimental study for the behavior and ductility of H.S.R.C
frames. The experimental program was conducted on ﬁve specimens (frames). F1 is a control spec-
imen consisting of beam with cross section 12 · 20 cm and length 1.85 m and two columns with
cross section 12 · 20 cm and height 1.5 m. In the second specimen (F2) the depth of beam is chan-
ged from 20 cm to 30 cm but in the third specimen (F3) the dimensions of columns are changed to
12 · 30 cm while in the fourth specimen (F4) the aspect ratio h/L (height to length of panel) of frame
is changed from 0.81 to 0.625. The ﬁfth specimen (F5) has different details of connections between
columns and beam. The stirrups are arranged in half spacing distance at connection with respect to
the regular distance of all columns and beams. The dimension of frames is selected to represent half
scale frames and tested under cyclic loading. All specimens of the experimental program are tested
in the reinforced concrete testing laboratory at Housing and Building National Research Center in
Cairo.
The results of the tests and the analysis of the obtained results are represented in different ways.
The ductility factor (R) of high strength concrete frames for frames F1, F2, F3, F4 and F5 is 8.96,
7.48, 5.59, 6.24 and 8.87 respectively.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
In recent decades, the use of high strength reinforced concrete
(H.S.R.C) in buildings is widely spread, especially in the high-
rise buildings. The behavior and ductility of the high strength
reinforced concrete frames under the effect of lateral load still
need a lot of investigations. The provision of the displacement
ductility factor R (force reduction factor) is mentioned in the
different codes for normal reinforced concrete but for high
strength concrete this factor is still under research.
Fig. 1 Specimen F1 dimensions and RFT.
Fig. 2 Specimen F4 dimensions and RFT.
Fig. 3 Specimen F5 dimensions and RFT.
216 A.S. Tawﬁk et al.Most previous researches are conducted on normal strength
reinforced concrete. AL-Haddad and Wight (1988) [1] studied
three frames with changing beam spans and number of stories.
This study expands the existing experimental recommenda-
tions for relocating the beam hinging zones away from the col-
umn face. Also this study’s aims to applying the new concepts
in the design of reinforced concrete building were undertaken.
Mahmoud (1985) [2] developed a computer program for the
analysis of shear type buildings under earthquake excitation,
assuming both elastic and inelastic behavior. The analysis
was carried out for one-story and ten-story buildings. It was
found from the results of this study that for the short period
structures T 6 0.2 s. the elastic base shear was approximately
equal to the nonlinear base shear. Otani (1985) [3] used a non-
linear dynamic analysis to simulate the behavior of a full scale
seven story R.C structure tested using the equivalent single de-
gree of freedom pseudo-dynamic earthquake response test pro-
cedure. Results of 1/6 scale two-story reinforced concrete
building that was tested on Cornell University shaking table
were presented by El-Attar (1990) [4], the test program was de-
signed to investigate the response of the structure during mod-
erate and strong earthquakes. The seismic resistance of
reinforced concrete frames designed only for gravity loads
has been experimentally and analytically studied by Luis
Aycardi (1994) [5].
The aim of this paper is to study the behavior of high rein-
forced concrete (H.S.R.C) frame under lateral load and deter-
mine the ductility factor R. The ductility factor is deﬁned by
the formula Df/Dy, where Df is the displacement at failure
and Dy is the yield displacement. The parameters of study
are; the ratio between inertia of beam and inertia of column,
the aspect ratio between the height and the length of frame pa-
nel and conﬁguration of connection details.
Experimental program
The experimental work contains ﬁve specimens. F1 is a control
specimen consisting of beam with cross section 12 · 20 cm and
length 1.85 m and two columns with cross section 12 · 20 cm
and height 1.5 m. In the second specimen (F2) the depth of
beam is changed from 20 cm to 30 cm but in the third specimen
(F3) the dimensions of columns are changed from 12 · 20 to
12 · 30 cm while in the fourth specimen (F4) the aspect ratio
h/L (height to length of panel) of frame is changed from 0.81
to 0.625. The ﬁfth specimen (F5) has different details of con-
nections between columns and beam. The stirrups are arranged
in half spacing distance at connection with respect to the reg-
ular distance of all columns and beams. The dimensions and
reinforcement of specimens (frames) are shown in Fig. 1
through Fig. 4.
Material properties
The mix of normal strength concrete for frame base was de-
signed to develop cubic strength of 30 N/mm2 after 28 days,
while the mix of high strength concrete for column and beam
of frame was designed to develop cubic strength of 65 N/mm2
after 28 days (High strength concrete). The materials used in
the preparation of specimens were Ordinary Portland Cement,
natural sand, well graded crushed stone size No. 1, silica fume,
super plasticizers and tap water. Table 1 shows the quantitiesrequired for one cubic meter of fresh concrete to achieve the
target concrete cubic compressive strength for H.S.R.C. High
strength deformed steel bars (st 36/52) having 12 mm diame-
ters were used for main reinforcement steel of beam and
Fig. 4 Connection details.
Fig. 6 The setup of LVDTS on specimen.
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8 mm diameter bars was used for stirrups (see Figs. 2 and 3).
Test setup
During test operation, the specimens were subjected to cyclic
loading by a hydraulic jack controlled by a displacement con-
troller. Fig. 5 shows the general arrangement of the test setup
for all tested specimens.
Four Linear Voltages Displacement Transducers (LVDTS)
were used to measure the various types of deformations on
frame. The LVDT (1) was attached to the base to measure
the horizontal displacement. Two linear displacement trans-
ducers LVDT (2, 3) were attached to the two diagonals to mea-
sure the diagonal deformation of the specimen. Fig. 6 shows
the setup of LVDTS on specimen.
The loading was controlled by the displacement of LVDT
(0) at upper part for all specimens. The displacement patterns
were usually in the form of cyclic load, often with graduallyTable 1 Concrete mix (kg/m3) for column and beam of frame.
Material Cement Gravel Sand
Weight (kg/m3) 450 1055 680
Ratio 1 2.34 1.51
Fig. 5 The general arrangement of the tincreasing amplitudes. The displacement history was constant
for all the tested specimens, the increment of the displacement
began with ±0.5 mm until 3 mm, then the increment increased
to be ±1.0 mm until 10 mm, then the increment increased to
be ±2.0 mm until 20 mm, then the increment increased to be
±4.0 mm until 40 mm, and ±10.0 mm up to the end of the
test. Fig. 7 shows the loading scheme. This loading scheme
provides information on loads as well as deformation degrada-
tion of the specimen. The load was cyclic loading.
Experimental results and discussion
Modes of failure
Appearance of hair cracks in the cross section of columns was
observed at the tension side of the beam-column connections.
These cracks appeared at cycle 2.0 mm for frames F1, F2, F4
and F5. The cracks closed and opened on the other side with
an increase of lateral load during the next cycles. With the
repeating of cycle’s load most of the cross section of column
was cracked. At higher load level with repeated cycles, diago-
nal cracks appeared at the beam-column connections and
propagated into all connections. The failure took over inWater Silica fume Superplasticizers
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Fig. 7 The loading scheme.
Fig. 9 Mode of failure for F4.
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Fig. 10 Load–displacement hysteresis. Loops of Specimen F1.
218 A.S. Tawﬁk et al.column cross section under beam-column connections. For
frames F1, and F2 the failure took over at cycles ±60.0 mm,
and ±50 mm respectively, while for frames F4 and F5 the fail-
ure took over at cycles ±40.0 mm, and ±80.0 mm.
For frame F3, the failure occurred at the edge of the beam
at column face. The failure occurred at cycle ±50.0 mm and
14,706 kg. The failure occurred at the end of the beam be-
cause the inertia of column is larger than the inertia of the
beam. Figs. 8 and 9 show mode of failure for specimens F3
& F4.
Lateral load–displacement relationships and resistance
Plots of hysteresis loops for the applied lateral load and dis-
placement of specimens are shown in Figs. 10 and 11 For F1
& F2 the envelopes of these relationships are indicated in
Fig. 12. Table 2 shows the ultimate load and the related dis-
placement of all tested specimens. The investigation of the ﬁg-
ures and tables indicates that the behavior of frame, started
elastic until a certain point after this point the behavior chan-
ged to plastic behavior. Also, it can be noticed that:
– In case of frame F2 with beam 12 · 30 cm instead of
12 · 20 cm in frame F1, the maximum lateral load increased
by about 7%.Fig. 8 Mode of failure for F3.
Fig. 11 Load–Displacement hyster. Loops of Specimen F2.– In case of frame F3 with column 12 · 30 cm instead of
12 · 20 cm in frame F1, the maximum lateral load increased
by about 118%.
– In case of frame F4 with aspect ratio 0.625 instead of 0.8 in
frame F1 (increased beam length), the maximum lateral
load decreased by about 8%.
– In case of frame F5 with stirrup concentration at the joint,
the maximum lateral load is greater than the case of frame
F1 by about 10%.
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Fig. 12 Envelope of the hysteresis loops of all specimens.
Fig. 13 Deﬁnition failure displacement and yield displacement.
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The displacement ductility factor R according to Committee
Euro-International Du Beton, 1996 is deﬁned by the ratio be-
tween failure displacements to yield displacements. The yield
displacement (Dy) is the lateral displacement at 80% of ulti-
mate load at the ascending part of the curve while the failure
displacement (Df) is lateral displacement at 80% of ultimate
load at the descending part of the curve as shown in Fig. 13.
The ductility factor and displacement ductility are computed
using Eqs. (1) and (2):
Ductility factor ðRÞ ¼ Df=Dy ð1Þ
Displacement Ductility ¼ Di=Dy ð2Þ
where Df is the failure displacement, Dy is the yield displace-
ment, Di is the maximum displacement at cycle number i.
The accumulated displacement ductility is deﬁned as the
sum of the displacement of each cycle until the cycle of failure
load and expressed by Eq. (3):
Accumulated displacement Ductility ¼
X
ðDi=DyÞ ð3Þ
Table 3 shows values of displacement ductility factor (R)
and accumulated displacement ductility. From this table, it
can be seen that:
– The ductility factor of frame F2 is less than the frame F1 by
about 16%.
– The ductility factor of frame F3 is less than the frame F1 by
about 38%, while ductility factor of frame F3 is less than
the frame F2 by about 25%.
– The ductility factor of frame F4 is less than the frame F1 by
about 30%.
– The ductility factor of frame F5 is less than the frame F1 by
about 1%.Table 2 Ultimate lateral load and relative displacement for all
specimens.
Specimens No. Ultimate lateral load (ton) Relative
displacement (mm)
Frame F1 6.382 60.45
Frame F2 6.816 44.95
Frame F3 13.904 50.53
Frame F4 5.868 51.5
Frame F5 6.999 80.16Stiffness
Stiffness is the rigidity of an element. It is the extent to which it
resists deformation from applied load. The cracked stiffness of
each specimen was calculated for each loading cycle where the
cracked stiffness is expressed by Eq. (4):
Ki ¼ Pi=Di ð4Þ
where Pi is the maximum load at cycle i, Di is the maximum
displacement at cycle i.
Fig. 14 shows the cracked cycle stiffness versus the number
of cycles to represent the stiffness degradation due to cyclic
loading. The initial stiffness is deﬁned by the slope of the
load–displacement curve for ﬁrst 5 cycles. Table 4 shows the
value of initial stiffness for all specimens. From this table, it
can be observed that:
– Increasing of column inertia in the frame increased the stiff-
ness of frame by a signiﬁcant value. The initial stiffness of
frame F3 is greater than frame F1 by about 95%.
– Increasing of beam inertia in the frame F2 increased the
stiffness of the frame by a small value. The initial stiffness
of frame F2 is greater than frame F1 by about 6%.
– Decreasing the aspect ratio h/L from 0.81 to 0.625 of frame
decreased the stiffness of the frame. The initial stiffness of
frame F4 is less than the frame F1 by about 14%.
Energy dissipations
The energy dissipation is considered one of the most important
aspects in studying the behavior of frame under seismic loads.
A ductile behavior is preferable than the rigid one because it
implies the ability of a structure to sustain large deformationTable 3 Ductility factor and accumulated displacement
ductility.
Specimen No. Ductility factor (R) Accumulated displacement
ductility
F1 8.96 84.30
F2 7.4855 60.20
F3 5.589 49.30
F4 6.239 63.02
F5 8.873 86.78
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Fig. 14 Stiffness degradations due to cycling.
Table 4 Initial stiffness for all specimens.
Specimens No. Initial stiﬀness (t/mm) % changing
F1 0.697 –
F2 0.740 6.1
F3 1.361 95.2
F4 0.603 13.5
F5 0.699 0.3
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Fig. 15 Variation of energy due to cycle.
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Fig. 16 Accumulated energy dissipation.
Table 5 Total accumulated energy at cycle (±16.0 mm).
Specimen No. Total accumulated energy dissipation (ton mm)
F1 483
F2 531
F3 943
F4 455
F5 489
220 A.S. Tawﬁk et al.without failure. Energy dissipation during loading is the area
enclosed by the hysteresis loops of the load–displacement rela-
tionship. The dissipated energy was computed for each cycle as
the area was enclosed by the lateral load–displacement hyster-
esis loop for the cycle. Fig. 15 shows energy dissipation versus
number of cycle for all specimens. Accumulated energy dissi-
pation of the specimens was computed by summation of en-
ergy per cycle. Fig. 16 shows accumulated energy dissipation.
Table 5 shows the values of total accumulated energy dissipa-tion at cycle no (16) at displacement (±16.0 mm) for all spec-
imens. The study of table indicates that:
– The energy dissipation of frame F2 is greater than the frame
F1 by about 10%.
– The energy dissipation of frame F3 is greater than the frame
F1 by about 95%.
– The energy dissipation of frame F1 is greater than the frame
F4 by about 6%.
Conclusions
The observation of the results indicates that:
1. In case of equal beam column dimensions a plastic hinge
has been formed in the column.
2. The plastic hinge has been formed in the beam in case of
stiffer column.
3. The increase of inertia of beam for H.S.R.C frame increases
the ultimate lateral load, energy dissipation and stiffness by
a small value while it decreases the ductility factor.
4. Increasing the inertia of column for H.S.R.C frame; the
ultimate lateral load, energy dissipation, and stiffness are
increased by a signiﬁcant value, while it decreases the duc-
tility factor.
5. Decreasing the aspect ratio h/L of frame, the lateral load
resistance is decreased.
6. Increasing the stirrups at connections; the ultimate lateral
load and displacement at ultimate lateral load are increased
by a signiﬁcant value.
7. The ductility factor (R) of high strength concrete frames
F1, F2, F3, F4 and F5 are 8.96, 7.48, 5.59, 6.24 and 8.87
respectively.
8. The ductility factor of frames F4 is less than the frame F1
by about 30% due to decreasing the aspect ratio from 0.81
to 0.625 (increased beam length).
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